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In Brief
Newly identified inhibitory neurons are
central to an integrative circuit that
enables Drosophila to process visual
cues with opposite motions generated
during flight. The neurons are required to
discriminate between distinct complex
motion patterns, indicating that neural
processing of opposing cues can yield
outcomes beyond the simple sum of two
inputs.
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When navigating in their environment, animals use
visual motion cues as feedback signals that are eli-
cited by their own motion. Such signals are provided
by wide-field neurons sampling motion directions at
multiple image points as the animal maneuvers. Each
one of these neurons responds selectively to a
specific optic flow-field representing the spatial dis-
tribution of motion vectors on the retina. Here, we
describe the discovery of a group of local, inhibitory
interneurons in the fruit fly Drosophila key for filtering
these cues. Using anatomy, molecular characteriza-
tion, activity manipulation, and physiological record-
ings, we demonstrate that these interneurons convey
direction-selective inhibition to wide-field neurons
with opposite preferred direction and provide evi-
dence for how their connectivity enables the compu-
tation required for integrating opposing motions.
Our results indicate that, rather than sharpening
directional selectivity per se, these circuit elements
reduce noise by eliminating non-specific responses
to complex visual information.
INTRODUCTION
Diverse sensory experiences can result in largely overlapping
patterns of activation within sensory circuits yet require fun-
damentally different behavioral responses. An underlying key
operation is the extraction of features relevant for specific behav-
iors by hierarchical layers of neuronal networks with increasing
selectivity. A well-studied example of such feature extraction is
the computation of the optic flow associated with self-mo-
tion—that is, the feedback motion cues created by an animal
progressing through its environment. Acrossmany animals stud-
ied, motion-sensitive neurons covering large receptive fields
(those that receive input from cues spanning the visual field)
tend to be motion opponent, i.e., are excited by motion along
one and inhibited along the opposite direction (Collett and Blest,
1966; Duffy and Wurtz, 1991; Hausen, 1984; Ibbotson, 1991;
Krapp and Hengstenberg, 1996; Wylie et al., 1998). However,
the functional significance of motion opponency is unclear and
has to date not been experimentally challenged. Here, we
address this problem in Drosophila, which has emerged as apowerful model system to study themechanisms underlyingmo-
tion vision (Borst et al., 2010).
The Drosophila optic lobe consists of four neuropiles called
lamina, medulla, lobula, and lobula plate. Each of these neuro-
piles is built from about 750 repetitive columns arranged in
a retinotopic way. Monopolar L1 and L2 cells, among others,
receive photoreceptor input in the lamina and feed into two mo-
tion pathways (Bausenwein et al., 1992; Bausenwein and Fisch-
bach, 1992; Clark et al., 2011; Joesch et al., 2010; Rister et al.,
2007; Shinomiya et al., 2014; Silies et al., 2013; Takemura
et al., 2013; Tuthill et al., 2013). Within each pathway, the direc-
tion of motion is computed separately, with the L1-pathway
selectively processing motion of brightness increments (ON)
and the L2-pathway motion of brightness decrements (OFF)
(Eichner et al., 2011; Joesch et al., 2010, 2013). The outputs
of the ON and OFF pathways are represented by arrays of
small-field T4 and T5 cells, respectively. Each T4 and T5 cell is
tuned to one of four cardinal directions and terminates in one
of the four layers of the lobula plate such that opposite directions
are represented in adjacent layers (Maisak et al., 2013) (layer 1:
front to back; layer 2: back to front; layer 3: upward; layer 4:
downward). These directions match the preferred directions of
wide-field motion-sensitive tangential cells that extend their
dendrites in the respective layers: horizontal system cells with
dendrites in layer 1 depolarize during front-to-back motion and
hyperpolarize during back-to-front motion, Hx cells in layer 2
exhibit the opposite tuning, and vertical system (VS) cells with
dendrites mostly in layer 4 depolarize primarily during downward
and hyperpolarize during upward motion (Hausen et al., 1980;
Hopp et al., 2014; Schnell et al., 2010; Scott et al., 2002;Wasser-
man et al., 2015). With T4/T5 cells blocked, tangential cells lose
all of their motion sensitivity (Schnell et al., 2012), and flies
become completely motion blind (Bahl et al., 2013). Combining
optogenetic stimulation of T4/T5 cells with various pharmaco-
logical antagonists, the connections between T4/T5 and tangen-
tial cells have recently been characterized as monosynaptic,
excitatory, and cholinergic (Mauss et al., 2014). T4/T5 cells
thus account for the depolarization of the tangential cells during
preferred direction motion. What remains unclear is the mecha-
nism and functional role of subtracting information about motion
in the opposite or null direction.
Here, we characterize a hitherto unknown class of vertical sys-
tem lobula plate intrinsic (LPi) neurons and demonstrate how
they contribute to motion opponency. First, our anatomical and
molecular characterization, as well as combined optogenetic
stimulation and electrophysiological recordings, reveal that LPiCell 162, 351–362, July 16, 2015 ª2015 Elsevier Inc. 351
neurons are bi-stratified and inhibit tangential cells in single lob-
ula plate layers via glutamatergic synapses. Second, we demon-
strate by two-photon calcium imaging that LPi neurons are acti-
vated in response to motion directions similar to their presumed
T4/T5 inputs and opposite to their postsynaptic targets. Third,
genetically silencing LPi cell output selectively abolishes null di-
rection inhibitory potential changes in tangential cells. We there-
fore conclude that LPi neurons hyperpolarize tangential cells
during null direction motion through sign-inverting layer interac-
tions, thus forming the cellular basis of motion opponency in the
fly. As a final point, the identification of LPi neurons enabled us
to experimentally address the long-sought functional relevance
of motion opponency. As blocking the activity of LPi neurons
renders their postsynaptic wide-field motion-sensitive neurons
responsive to a variety of moving patterns, our experiments sug-
gest that motion opponency is essential for flow-field selectivity,
thereby improving the ability to reliably estimate self-motion tra-
jectories based on complex visual information.
RESULTS
Anatomy of Lobula Plate Intrinsic Neurons
Previous work suggested the existence of yet unidentified lobula
plate neurons underlying null direction responses in tangential
cells (Mauss et al., 2014). Candidate neurons to fulfill this role
are expected to possess a bi-stratified morphology covering
either both horizontal (1 and 2) or both vertical (3 and 4) layers.
To identify such cell types, we screened the Janelia Drosophila
driver line collection (Jenett et al., 2012; Pfeiffer et al., 2008)
and discovered two independent lines (R20D01, R38G02) con-
taining neurons that exclusively innervate the two layers of the
lobula plate vertical system. Moreover, putative presynaptic var-
icosities for each line are located in either layer 3 (R38G02) or 4
(R20D01), suggesting two distinct functional cell types. We
confirmed the presynaptic nature of these varicosities by co-ex-
pressing GFP and the presynaptic reporter Synaptotagmin (Syt),
which correspondingly localized to layer 3 (R38G02) and layer 4
(R20D01; Figures 1A–1B0 0). This anatomical layout indicates a
complementary directed signal transfer from layer 3 to 4 in one
and from layer 4 to 3 in the other cell type. Accordingly, these
two new neuron types are termed LPi3-4 (lobula plate intrinsic)
and LPi4-3, respectively. To reveal single-cell morphologies,
we performed stochastic multicolor labeling of LPi cells (Figures
1C–1I) (Nern et al., 2015). Neurons in each line have vertically
elongated arbors covering the lobula plate in partly segregated
patches. While individual LPi neurons occupy lobula plate layers
3 and 4, their potential postsynaptic targets, the VS cells, have
dendrites restricted to layer 4 only (Figures 1J and 1J0).
Transmitter Phenotype and Connectivity
We next investigated the transmitter phenotype of the LPi cells
by immunostaining (LPi3-4 and LPi4-3) and mRNA profiling
(Takemura et al., 2011) (LPi3-4). Both approaches revealed
that LPi neurons express vesicular glutamate transporter (vGlut;
Figures 2A–2C), while cholinergic and GABAergic markers could
not be detected (Figures 2C and S1). Aptly, tangential cells ex-
press glutamate-gated chloride channel a (GluCla; Figure 2C),
in line with their hyperpolarizing responses to glutamate applica-352 Cell 162, 351–362, July 16, 2015 ª2015 Elsevier Inc.tion (Mauss et al., 2014). These results suggest that tangential
cells receive inhibitory glutamatergic input from LPi neurons.
To directly explore the synaptic connectivity between LPi neu-
rons and tangential cells, we focused on LPi3-4 neurons, which
provide putative synaptic input to the experimentally accessible
VS cells in lobula plate layer 4 (Figure 1J). First, we labeled mem-
brane contacts using the GRASP method (Feinberg et al., 2008)
by expressing membrane-targeted CD4-spGFP1-10 and CD4-
spGFP11 independently in LPi3-4 and VS cells using four
different driver line combinations. In all cases, reconstituted fluo-
rescence signal could be detected exclusively in lobula plate
layer 4, indicating contact between LPi3-4 terminals and VS
cell dendrites (Figures 2D and S2). To functionally determine
the synaptic connectivity, we took an optogenetic approach
previously used to establish connectivity between T4/T5 and
tangential cells (Mauss et al., 2014): brief optogenetic stimulation
of T4/T5 cells in blind, norpA7 mutant flies evoked biphasic syn-
aptic responses in VS cells with direct cholinergic excitation and
delayed indirect inhibition (Figure 2E, red trace), the latter being
sensitive to the GABA/glutamate receptor antagonist picrotoxi-
nin (Mauss et al., 2014). To test whether this inhibitory com-
ponent could be conveyed by LPi3-4 cells, we optogenetically
stimulated LPi3-4 cells expressing ChR2-H134R in blind flies
while performing patch-clamp recordings from VS cells. VS cells
responded to optogenetic LPi stimulation with picrotoxinin-sen-
sitive inhibitory potential changes (Figures 2E–2H) and onset la-
tencies comparable to T4/T5-evoked excitation (Figure 2E). We
conclude that LPi3-4 neurons provide fast inhibitory glutamater-
gic input to VS cells in layer 4 of the lobula plate.
Visual Response Properties of LPi Neurons
Cholinergic T4/T5 cells represent the major motion-sensitive
input to the lobula plate (Schnell et al., 2012), and their axons
segregate into four layers according to their directional tuning
(Maisak et al., 2013). LPi cells of a single type are thus expected
to acquire direction selectivity by receiving excitatory input from
T4/T5 cells in one of the two motion-opponent layers. To probe
the LPi cells’ visual response properties, we expressed the
genetically encoded calcium indicator GCaMP5G (Akerboom
et al., 2012) and recorded calcium signals (Denk et al., 1990;Mai-
sak et al., 2013; Reiff et al., 2010) from putative presynaptic bou-
tons in the lobula plate while stimulating flies with pattern motion
(Figures 3A and 3B). Both LPi cell types responded in a strictly
direction-selective way to moving square-wave gratings. Impor-
tantly, LPi3-4 cells were tuned to upwardmotion and LPi4-3 cells
to the opposite, i.e., downward direction (Figures 3C and 3D).
Thus, the preferred direction of LPi3-4 cells matches the one of
T4/T5 cells terminating in layer 3, and the preferred direction of
LPi4-3 cells corresponds to the one of T4/T5 cells terminating
in layer 4. We next tested LPi responses to gratings moving
with different velocities. A correlation type motion detector as
implemented in flies results in a velocity tuning as a linear
function of the spatial pattern wavelength. This feature is re-
flected in the T4/T5 and tangential cell responses, which exhibit
an optimal temporal frequency of 1 Hz in quiescent flies
(Joesch et al., 2008; Maisak et al., 2013; Schnell et al., 2010).
Likewise, LPi3-4 and LPi4-3 cells both had velocity tuning
peaks at 24 s1 for gratings with a spatial wavelength of 24
Figure 1. Anatomical Characterization of Lobula Plate Intrinsic Neurons
(A–B0 0) Co-expression of GFP and the presynaptic marker synaptotagmin by LPi-specific Gal4 driver lines (A, R20D01; B, R38G02) reveals the bi-stratified
morphology and polarity of LPi neurites in lobula plate layers 3 and 4 in the horizontal confocal cross section (lateral up, anterior to the left). LPi3-4 neurons exhibit
synaptic output sites only in layer 4 (A–A0 0), while LPi4-3 neurons (B–B0 0) with synaptotagmin in layer 3 show the opposite polarity. Postsynaptic sites are pre-
sumably restricted to the respective synaptotagmin-negative layers. Counterstaining with anti-bruchpilot (brp) highlights the synaptic neuropiles of the fly optic.
(C–H0 ) In two different views, stochastic multicolor labelings of LPi3-4 (C and D) and LPi4-3 neurons (F and G) are shown as well as individual neurons segmented
from multicolor samples (E and H). Five stacks each with 50 labeled cells for R38G02 and 100 labeled cells for R20D01 were analyzed in detail. The layer
positions and cell body locations were highly reproducible for each LPi type.
(I) Schematic representation of the fly optic lobe highlighting anatomical LPi neuron properties. LPi neurons cover lobula plate layers 3 and 4 in partly segregated
patches. Since the lobula plate is organized in a retinotopic fashion, individual LPi neurons represent different points in visual space. Lobula plate cross-sections
illustrate the inferred directed signal transfer. A, anterior; P, posterior; M, medial; L, lateral.
(J and J0) Wide-field VS tangential cell segmented from a multicolor sample with its large dendrite restricted to layer 4.
Me, medulla; Lo, lobula; LP, lobula plate; white arrow heads, somata; black arrow heads, ramifications within the lobula plate; white arrows, VS cell axon.
Scale bar, 20 mm and 10 mm for magnified views.
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Figure 2. LPi Neurons Provide Glutamatergic Inhibitory Input to Tangential Cells
(A and B) Co-localization of antibodies against the vesicular glutamate transporter (vGlut) with GFP-expressing LPi neurons indicates that LPi3-4 (A) and LPi4-3
(B) both release the neurotransmitter glutamate (see also Figure S1). Scale bar, 10 mm.
(C) Consistently, transcript profiling shows that mCD8-GFP-labeled LPi3-4 cells express vGlut (gel band with expected size of 339 bp), but neither choline
acetyltransferase (ChAT) nor vesicular GABA transporter (vGAT). The bands detected in the repo and vGAT lanes do not match the predicted sizes of products
from cDNA templates (137 and 151 bp, respectively) and probably correspond to primers. Transcript amplification of mCD8 and the glial marker repo were
included as positive and negative control, respectively. Lobula plate tangential cells (LPTCs) express glutamate-gated chloride channel a (GluCla, expected size
265 bp), indicating an inhibitory synaptic connection between LPi neurons and LPTCs.
(D) GFP reconstitution across synaptic partners (GRASP) reveals contacts between LPi3-4 cells and VS tangential cells in layer 4 (see also Figure S2). Lo, lobula;
LP, lobula plate. Scale bar, 20mm.
(E) Optogenetic activation of Channelrhodopsin-2-H134R-expressing T4/T5 cells in blind flies using a 2 ms pulse of blue light (472/30 nm, 3 mW mm2) leads
to a biphasic excitatory/inhibitory synaptic response in VS cells (red trace, n = 4; data taken from Mauss et al., 2014). Optogenetic activation of LPi3-4 cells
(30 mW mm2) in contrast causes a purely inhibitory response in VS cells with a similar onset latency (blue trace, n = 7). The schematic depicts the inferred
connectivity between T4/T5, LPi3-4, and VS cells supported by the data, with excitatory cholinergic and inhibitory glutamatergic synapses marked by red tri-
angles and a blue circle, respectively.
(F) Sustained hyperpolarizing VS cell response to 1 s optogenetic LPi3-4 activation (n = 6; 1 mW mm2).
(G) VS cell responses to 2 ms optogenetic LPi3-4 activation with varying light intensities.
(H) Quantification of data shown in (G) as baseline-subtracted responseminima. For the highest light intensity and n = 4 cells, responses were also quantified after
10 min bath perfusion with 25 mM PTX and after another 30 min wash.
Significant differences were established using a two-tailed Wilcoxon rank-sum test, with asterisk indicating p < 0.05. Data in (E) to (H) are represented as
mean ± SEM.corresponding to a temporal frequency of 1 Hz (Figures 3E and
3F). Finally, to assess how T4/ON and T5/OFF signals are inte-
grated by LPi cells, we imaged individual presynaptic LPi bou-
tons in the lobula plate and stimulated flies by moving ON and
OFF edges separately. Most LPi3-4 boutons showed mixed
but also ON and OFF edge-selective responses (Figure 3G). In
LPi4-3 cells, mixed and ON edge-selective responses domi-
nated (Figure 3H). These results indicate that both T4 and T5
cells at least partly converge onto individual LPi cells. Taken
together, the anatomical overlap between T4/T5 output and
LPi cell input arbors as well as their precisely matching visual
response properties strongly suggests that LPi cells receive di-
rectionally tuned excitatory inputs from T4 and T5 cells.
Tangential Cell Motion Responses without LPi Input
Our data so far show that LPi3-4 neurons provide inhibitory input
to VS cells and depolarize to opposite motion directions. To test
directly whether LPi3-4 neurons convey null direction inhibition
to VS cells, we performed patch-clamp recordings from VS cells
(Joesch et al., 2008) in flies with LPi3-4 neurons silenced by354 Cell 162, 351–362, July 16, 2015 ª2015 Elsevier Inc.expression of tetanus toxin (Sweeney et al., 1995) (Figure 4A;
‘‘block flies’’: LPi3-4-Gal4 > UAS-TNT-E), as well as in parental
control flies. In control flies, stimulating the eye with gratings
moving in the VS cells’ preferred direction (downward) produced
graded depolarizations, while null direction stimulation (upward
motion) hyperpolarized VS cells (Figure 4B, black and gray
traces/bars). In block flies, preferred direction responses were
similar to the controls. However, in sharp contrast, null direction
responses were almost entirely absent (Figure 4B, red traces/
bars). VS cell responses to individual ON and OFF edges were
also strongly diminished in LPi3-4 block flies selectively for null
direction motion (Figure 4C).
We next aimed to determine whether LPi activity might shape
preferred direction response properties in VS cells. It has been
suggested that the subtraction of oppositely tuned antagonistic
inputs sharpens directional tuning in postsynaptic neurons (Lev-
ick et al., 1969; Oyster et al., 1971; Sato et al., 1991; Single et al.,
1997). In Drosophila however, this might not be a vital require-
ment since the directional tuning of T4/T5 cells seems already
sufficiently narrow to avoid significant overlap at orthogonal
Figure 3. LPi Neurons Are Direction Selective in Agreement with Layer-Specific Input from T4/T5 Terminals
(A) Representative frame from a two-photon calcium imaging experiment (LPi3-4 expressing GCaMP5G) with ROIs indicated with blue circles. Scale bar, 5 mm.
(B) Average time-varying fluorescence (DF/F) across all ROIs in response to square-wave gratings moving in the above indicated directions.
(C and D) LPi3-4 (n = 7) and LPi4-3 (n = 10) neurons respond specifically to upward and downward motion, respectively (btf, back to front; ftb, front to back).
(E and F) Both LPi cell types respond optimally to gratings moving at a temporal frequency of 1 Hz (E, n = 5; F, n = 7).
(G) Individual LPi3-4 neuron boutons can show preferences for moving ON or OFF edges or mixed responses to both contrast polarities (n = 10 flies, n = 198
boutons).
(H) Calcium signals from individual LPi4-3 boutons (n = 8, n = 120) indicate an average preference for ON over OFF edges.
Contrast selectivity = (RON  ROFF)/(RON + ROFF). Dashed vertical lines indicate the population mean. Data in (B) to (F) are represented as mean ± SEM.directions (Maisak et al., 2013). We directly tested this by
measuring VS cell responses in control and LPi block flies as a
function of motion direction. The directional tuning curve of VS
cells in control flies reveals a sinusoidal dependence on motion
direction, with negative potential changes around 90 (upward)
and positive potential changes around 270 (downward)(Fig-
ure 5A, black curve). Polarity and tuning width of the positive
and negative parts of the curve closely match those obtained
from calcium signals of T4d/T5d cells terminating in layer 4
and the inverse signals from T4c/T5c innervating layer 3 (Maisak
et al., 2013), respectively, further indicating that VS cells inte-
grate antagonistic inputs from oppositely tuned T4/T5 cells. As
expected, in LPi3-4 block flies, directions around 90 on average
did not evoke hyperpolarizing potential changes in VS cells (Fig-ure 5A, red curve). The tuning curve for preferred directions
around 270, however, resembled that of the control condition.
To test for a potential function in gain control, we presented grat-
ings at different contrasts (Figure 5B). The resulting response
functions showed lack of null direction inhibition selectively in
LPi3-4 block flies but were indistinguishable between both
experimental conditions for preferred directions. Last, we asked
whether LPi input might influence the dynamics of the depolariz-
ing VS cell responses to coherent patternmotion. To this end, we
tested a dynamic motion stimulus consisting of a sine-wave
grating changing velocity and direction according to a pseudo-
random velocity distribution. In control flies, the VS cells’ poten-
tial followed the pattern velocity with graded hyper- and depolar-
izations (Figures 5C–5E, black). In contrast, the responses in LPiCell 162, 351–362, July 16, 2015 ª2015 Elsevier Inc. 355
Figure 4. LPi Neurons Convey Null Direction Responses to Tangential Cells
(A) Tetanus toxin light chain (TNT-E) is expressed in LPi3-4 neurons to silence synaptic release. Since expression by the driver line is confined to the dorsal part of
the lobula plate (demarcated by white line), visual stimuli to test LPi3-4 function were partly confined to the upper half of the visual field. Scale bar, 50 mm. The
schematic depicts the experimental approach to probe LPi3-4 cell function by whole-cell voltage recordings from VS cells.
(B) Visual stimulation of flies with sine-wave gratings moving down (preferred direction [PD]) or up (null direction [ND]) evokes de- and hyperpolarization in control
flies (Gal4, n = 9; UAS, n = 5). In LPi3-4 block flies (n = 10), hyperpolarizing responses to ND motion are selectively abolished. Voltage traces represent averaged
data, with SEM omitted for clarity.
(C) VS cell responses to moving ON and OFF edges are similarly affected with ND responses to both edge contrasts abolished in LPi3-4 block flies (Gal4, n = 9;
UAS n = 4; LPi3-4 block, n = 10).
Significant differences were established using a two-tailed Wilcoxon rank-sum test, with asterisk indicating p < 0.0001. Data are represented as mean ± SEM.block flies were largely clipped for negative velocities (upward
motion), while positive velocities (downward motion) were
still encoded in membrane depolarizations with no obviously
different dynamics (Figures 5C–5E, red).
Taken together, these data demonstrate that LPi3-4 neurons
integrate direction-selective information from T4 and T5 cells in
lobula plate layer 3 and convey this information to VS cells via
inhibitory synapses in layer 4, giving rise to the VS cells’ null di-
rection responses. However, the absence of inhibitory LPi3-4
input does not noticeably alter the direction tuning, gain, or dy-
namics of the remaining depolarizing tangential cell potential
changes in response to coherently moving patterns (Figures 4,
5, and S3).
Functional Implications of Motion Opponency
Since tangential cell dendrites—the postsynaptic targets of LPi
neurons—integrate inputs over large receptive fields (Figure 1J0),
we reasoned that motion opponency might serve to cancel out
incoherent motion signals impinging on different parts of the
dendritic tree. To test this, we devised three visual stimuli con-
taining opponent motion information (Figures 6A–6C): (1) 100
dots with randommotion trajectories, reflecting independent ob-
ject motion (‘‘motion noise’’); (2) a radially expanding pattern
simulating flight through a tunnel (‘‘expanding flow’’); and (3) an
expanding black square as perceived during object approach
on a collision course (‘‘looming square’’). We presented these
patterns to control and LPi block flies while recording from VS
cells. Average responses in control flies were consistently subtle
for all patterns (Figures 6D–6G, black traces and bars). In
contrast, VS cells in LPi block flies showed robust depolariza-
tions (Figures 6D–6G, red traces and bars). These differences
were largely captured by model simulations of a motion detec-
tion circuit (for details, see Supplemental Experimental Proce-
dures) subjected to the same kind of stimuli (Figures 6H–6J).
We therefore conclude that, in the absence of motion opponent356 Cell 162, 351–362, July 16, 2015 ª2015 Elsevier Inc.inhibition, VS cells are rendered sensitive to incoherent motion
signals and that the integration ofmotion opponent inputs serves
to reduce noise sensitivity and to increase flow-field selectivity in
wide-field neurons.
DISCUSSION
Motion detection is a fundamental function of all higher visual
systems. It is a paradigmatic model for sensory feature extrac-
tion since motion information is not explicitly encoded in the sin-
gle receptor response but has to be computed by downstream
neural circuits. Motion detection can be described as a two-
stage process (Borst and Egelhaaf, 1990; Egelhaaf et al., 1989;
Reichardt, 1987; van Santen and Sperling, 1985): In the first
stage, direction-selective signals are generated by correlating
the output from neighboring photoreceptors after asymmetric
temporal filtering. Neural substrates corresponding to these cor-
relators are, for instance, the T4/T5 cells of the fly optic lobes
(Maisak et al., 2013) and the dendrites of starburst amacrine cells
in the mammalian retina (Euler et al., 2002; Kim et al., 2014). In
the second stage, signals from oppositely tuned correlators
are subtracted from each other, giving rise to a fully opponent
output. This processing step is implemented in the fly optic
lobe on the dendrites of the lobula plate tangential cells (Borst
et al., 1995; Joesch et al., 2008), which receive two kinds of in-
puts: (1) a direct excitatory input from T4/T5 cells terminating
within the same lobula plate layer, giving rise to depolarization
during preferred direction motion (Maisak et al., 2013; Mauss
et al., 2014; Schnell et al., 2012); and (2) as shown here, an indi-
rect inhibitory input via bi-stratified LPi neurons from T4/T5 cells
terminating in the adjacent layer, causing hyperpolarization dur-
ing null direction motion (Figure 7).
GABAergic inhibition has been shown to shape response
properties of interneurons in early visual processing by medi-
ating lateral antagonistic effects in Drosophila (Freifeld et al.,
Figure 5. Directional Tuning, Gain, andDynamics of Preferred Direction Responses to CoherentWide-FieldMotion Are Normal in Absence of
LPi Input
(A) The directional tuning curve of VS cells in control flies (n = 6) shows a sinusoidal dependence on motion direction. Blocking LPi3-4 neurons (n = 6) selectively
clips all hyperpolarizing responses. ftb, front to back; btf, back to front.
(B) Preferred direction excitation as a function of pattern contrast is indistinguishable between control (n = 7) and LPi3-4 block conditions (n = 7). Null direction
inhibition is selectivity abolished for all contrasts in absence of LPi3-4 activity.
(C) Averaged VS cell voltage responses to sine-wave gratings dynamically moving up and down with velocities following a pseudo-random temporal profile (blue,
upward deflection represents downward motion). While the voltage responses in VS cells in control flies (black, n = 7) followed the velocity in both directions, the
VS cell membrane voltage in LPi3-4 block flies (red, n = 6) predominantly encoded PD (downward) motions.
(D) Scatter plot of average membrane voltage from VS cells in LPi block against control flies obtained from dynamic motion stimulation (blue trace in C; played
forward and backward). For positive control values, the distribution follows a positive linear relationship well described by y = 0.83x + 0.35 (R2 = 0.83), revealing
little differences between the two conditions. For negative control values, this relationship breaks down (y = 0.14x + 0.17; R2 = 0.16), due to the clipped hy-
perpolarizing responses in LPi block flies.
(E) Cross-correlation of full, positively, and negatively rectified control and LPi block VS cell signals with the velocity profile of the dynamic motion stimulus (blue
trace in C; played forward and backward). Peak correlation for negatively rectified signals is significantly smaller in LPi block compared to control flies since
hyperpolarizing potentials are largely missing in the absence of LPi input. For the positively rectified signals, no significant difference is observed. Hence, the lack
of inhibitory LPi3-4 input to VS cells does not alter the dynamics of their depolarizing responses.
Significant differences were established using a two-tailed Wilcoxon rank-sum test, with asterisk indicating p < 0.001. Data are represented as mean ± SEM. See
also Figure S3.2013). Work in the Calliphora visual system has ascribed a more
specialized role for GABAergic transmission in mediating null
direction inhibition, based on experiments using picrotoxinin as
a GABA receptor antagonist (Brotz and Borst, 1996; Egelhaaf
et al., 1990). Unexpectedly, in the same context, we have identi-
fied glutamate as the underlying neurotransmitter in Drosophila.
This discrepancy is perhaps due to neglecting the action of thepharmacologic compound as a rather unspecific chloride chan-
nel blocker (Liu and Wilson, 2013; Marder and Paupardin-
Tritsch, 1978; Mauss et al., 2014) in earlier work. It should also
be noted that, in Calliphora, picrotoxinin application was shown
to have two effects on tangential cell motion processing:
preferred direction depolarization was enlarged, and null direc-
tion hyperpolarization was replaced by noticeable depolarizationCell 162, 351–362, July 16, 2015 ª2015 Elsevier Inc. 357
Figure 6. Silencing Inhibitory Motion-Opponent Input to Tangential Cells Increases Responses toMotion Noise and Non-uniform Flow-Field
Patterns
(A–C) Stimulation arena showing images from visual patterns used to probe VS cell responses in control and LPi3-4 block flies. Independent motion of 100 dots
following random two-dimensional trajectories (A); expanding flow field simulating flight through a tunnel (B); and looming black square (C) with angular size as a
function of time shown in (F).
(D–F) Averaged recording traces (n = 6) from Gal4 control (black) and LPi3-4 block (red) flies subjected to the above shown visual patterns (four independent
patterns for each D and E).
(G) Bars represent average baseline-subtracted responses. Shaded gray areas in (D) to (F) demarcate the response time window used for quantification. VS cell
responses in control flies were small for all stimuli with average depolarizations of < 1.5 mV. In contrast, VS cells without motion-opponent inhibitory input (LPi
block flies) showed significantly higher depolarizations (>4 mV).
(H to J) Tangential cell responses could be largely captured by a computational model incorporating spatial integration of elementary motion detectors with and
without motion-opponent subtraction (see Supplemental Experimental Procedures for details).
Significant differences were established using a two-tailed Wilcoxon rank-sum test, with asterisk indicating p < 0.005. Data are represented as mean ± SEM.(Single et al., 1997). This was interpreted as evidence for weak
directional tuning of the inputs, i.e., the later identified T4/T5
cells. A similar result was observed inDrosophila (A.S.M., unpub-
lished data). The LPi3-4 block in Drosophila, however, did not
produce a prominent null direction depolarization, and preferred
direction excitation was indistinguishable from the control condi-
tion (Figures 4, 5, and S3). Since a recent study demonstrated
narrow directional tuning of the T4/T5 cells (Maisak et al.,
2013), rendering postsynaptic directional response sharpening
unnecessary, we suggest that picrotoxinin off-target effects on
glutamate or GABA receptors in the upstream circuit are respon-
sible for this inconsistency, and genetic LPi block represents a
more suitable approach to eliminate null direction inhibition.
We have focused our analysis on the LPi3-4 neurons and their
postsynaptic partners in layer 4, the VS cells, because of their358 Cell 162, 351–362, July 16, 2015 ª2015 Elsevier Inc.experimental accessibility. However, our findings can be most
likely extended to the other layers. Tangential cells with den-
drites in layer 3 have been identified in other fly species (Hausen,
1976, 1984; Wertz et al., 2008). Such so-called V2 cells are mo-
tion opponent with preference to upward flow, in agreement with
their presumed inputs from excitatory layer 3 T4/T5 cells. Since
our data indicate that the LPi4-3 neurons convey glutamatergic
signals selective for downward motion to lobula plate layer 3, it
seems plausible that a motion-opponent wiring complementary
to the LPi3-4/VS cell connectivity exists as well (Figure 7). The
preference of LPi4-3 cells to ON over OFF edges is unexpected
because in contrast to tangential cells, LPi4-3 neurons appear
to be able to differentiate between T4/ON and T5/OFF input.
Whether this finding hints toward an ON-selective null direction
inhibition in layer 3 postsynaptic cells, perhaps dictated by
Figure 7. Connectivity Model of the Lobula Plate
Four subclasses of T4 and T5 cells (red) convey ON and OFF direction-selective input to the lobula plate. Both T4 and T5 cells signal front-to-back, back-to-front,
upward, and downward motion and project according to their tuning to layers 1–4 (those encoding horizontal motion and targeting layers 1 and 2 are depicted
only in the middle schematic for clarity). Lobula plate tangential cells (green) of the vertical system (VS) extend their dendrites in lobula plate layer 4, where they
receive direct excitatory inputs from T4/T5 cells tuned to downwardmotion. In addition, LPi3-4 neurons (blue) obtain excitatory T4/T5 input during upwardmotion
in layer 3 and convey a sign-inverted signal onto VS cells in the adjacent layer via an inhibitory glutamatergic synapse. This arrangement generates a fully motion-
opponent response in VS cells. LPi4-3 neurons likely contribute to a complementary circuit in the other direction. Additional LPi neurons are postulated to
constitute a corresponding motion-opponent circuit for the horizontal system tangential cells in layers 1 and 2. A, anterior; P, posterior; M, medial; L, lateral.certain natural stimulus statistics, or whether it reflects merely a
bias of the driver line for an ON-selective LPi4-3 subgroup re-
mains to be investigated. Some presynaptic swellings of the
complementary LPi3-4 cells also exhibited polarity preference,
but at present, it is unclear whether this indicates a similar T4/
T5 selectivity on a cell-by-cell basis or stochastic sampling of in-
puts. The functional architecture of lobula plate layers 1 and 2
strongly resembles the one of layers 3 and 4 with a 90 direc-
tional tuning shift (Figure 7): motion-opponent HS cells with a
preference for front-to-back motion ramify their dendrites exclu-
sively in layer 1 (Schnell et al., 2010), while motion-opponent Hx
cells that prefer back-to-front motion confine their dendrites to
layer 2 (Wasserman et al., 2015). We therefore anticipate the
existence of at least two complementary horizontal LPi cell
types in those layers too. It thus seems that global motion infor-
mation is processed initially in two segregated horizontal and
vertical subsystems with little direct interaction. Rather than
representing the cardinal directions in a clock- or counter-clock-
wise manner, the four lobula plate layers are arranged such that
opposite directions are represented side by side. This functional
organization might serve to facilitate efficient nearest-neighbor
interactions of motion-opponent signals.
Similar to the fly lobula plate, the dorsal lateral geniculate nu-
cleus (dLGN) in mammals relays direction-selective signals from
the retina to higher brain centers (Cruz-Martı´n et al., 2014). Some
fundamental parallels in the organization of the two brain regions
seem to exist. Their input channels, T4/T5 neurons in flies and
ON/OFF direction-selective ganglion cells in mammals, predom-
inantly encode the four cardinal directions of motion up, down,
left, and right (Maisak et al., 2013; Piscopo et al., 2013). The
anatomical separation of the vertical and horizontal subsystems
in flies seems to be mirrored, at least to a degree, in the dLGN,
where opposing horizontal direction information resides in the
superficial region of mouse dLGN, segregated from vertical mo-
tion (Marshel et al., 2012). Moreover, a feed-forward inhibitoryprinciple to generate motion opponency that we describe in
the fly might also prevail in the dLGN, where directionally selec-
tive output neurons were suggested to integrate opposing sig-
nals from retinal ganglion cells (Levick et al., 1969; Oyster
et al., 1971), possibly directly and indirectly via local inhibitory
neurons (Cox et al., 1998; Singer, 1977; Wang et al., 2011). How-
ever, manymammalian dLGN neurons are also orientation selec-
tive, potentially obtaining this property by integrating opponent
excitatory direction-selective input (Cruz-Martı´n et al., 2014;
Marshel et al., 2012; Piscopo et al., 2013).
Associated with their proposed role as matched filters for
sensing the optic flow generated by an animal’s self-motion, in
contrast to dLGN neurons, lobula plate tangential cells have large
receptive fields, in some cases covering more than 100 degrees
of visual space (Hopp et al., 2014; Joesch et al., 2008; Krapp
and Hengstenberg, 1996; Schnell et al., 2010). Independent
movement, e.g., originating from conspecifics or foliage, thus
poses a challenge to the system by providing excitatory drive to
tangential cells not associated with self-motion. Our experiments
with intact and silenced LPi neurons support the idea that such in-
puts are attenuated by antagonistic signals from oppositely mov-
ing objects elsewhere in the visual scene (Figure 6D). Perhaps
more importantly, different flight maneuvers generate ambiguous
optic flow patterns in sub-parts of the receptive field. For
instance, both lift and forward translation cause downward optic
flow in the ventral visual field, while only the latter produces up-
ward flow dorsally. Taking into account excitation only, a reliable
distinction between those patterns, especially under varying stim-
ulus intensities, i.e., contrasts as experienced in natural scenes,
seems inconceivable. We have demonstrated (Figures 6E and
6F) that LPi cells strongly reduce such ambiguities, most likely
by cancelling the excitation caused in one part of the dendrite
by inhibition in another part. Motion opponency is thus reminis-
cent of other neural opponent mechanisms. In the classical
example of color opponency, neural comparison discriminatesCell 162, 351–362, July 16, 2015 ª2015 Elsevier Inc. 359
sensory signals that are ambiguous at the level of photoreceptors
in terms of wavelength and stimulus intensity. Notably, while color
vision requires at least two separate measurements at any point
in space, motion opponency disambiguates different optic flow-
fields derived from the same photoreceptor responses. Given
that wide-field motion-sensitive neurons in various other systems
are also motion opponent (Collett and Blest, 1966; Duffy and
Wurtz, 1991; Ibbotson, 1991; Wylie et al., 1998), we suggest
that such a mechanism might be universally required to increase
sensitivity and selectivity for optic flow-fields associatedwith self-
motion. Similar neural comparators might be widely used for the
extraction of equally complex sensory features.
EXPERIMENTAL PROCEDURES
Flies
Details about all fly stocks and genotypes can be found in the Supplemental
Experimental Procedures.
Immunostaining
Brains were dissected in phosphate-buffered saline and were fixed in 4% PFA
with 0.1% TritonX or, for anti-vGlut and anti-GAD1, with Bouin’s fixative.
Brains were subsequently washed and sequentially stained with primary and
fluorophore-conjugated secondary antibodies. 2% normal goat serum was
added to all primary and secondary antibody solutions. Brains were optically
sectioned with a Leica TCS SP5 confocal microscope. Brains expressing
GRASP components were fixed and stained against the neuropile marker
bruchpilot. Afterward, native GRASP fluorescence was visualized. For more
details, please refer to the Supplemental Experimental Procedures.
Multicolor Stochastic Labeling
Stochastic single-cell labeling was carried out using ‘‘MultiColor FlpOut’’
(MCFO) (Nern et al., 2015), a multicolor adaptation of the ‘‘flp-out’’ approach
(Struhl and Basler, 1993).
Transcript Profiling
The transcript profiling protocol was modified from the method described pre-
viously (Takemura et al., 2011). For details, please see the Supplemental
Experimental Procedures, Table S1, and Figure S4.
Two-Photon Calcium Imaging
Two-photon imaging was performed on a custom-built microscope, as previ-
ously described (Maisak et al., 2013). Images were acquired at a frame rate of
1.88 Hz.
Electrophysiology, Optogenetic Stimulation, and Pharmacology
Electrophysiological andoptogenetic experimentswereperformedasdescribed
previously (Mausset al., 2014). Picrotoxinin (PTX;SigmaP8390)wasdissolved in
dimethylsulfoxide at 50mMandwas kept as a stock at20C. For experiments,
PTX was diluted in external solution to 25 mM and washed in (10 min) and out
(30 min) at 2 ml/min.
Visual Stimulation
Custom-built LED arenas were used for visual stimulation in calcium imaging
and electrophysiology experiments. The arenas covered 170 and 90 in az-
imuth and elevation, respectively, and allowed refresh rates of 550 Hz and 16
intensity levels (Maisak et al., 2013). Identical visual stimuli were presented in
three to five trials in every experiment, usually in a randomized sequence.
Please refer to the Supplemental Experimental Procedures for more details.
Physiological Data Analysis
Data from VS cell recordings and LPi calcium imaging experiments were eval-
uated using custom-written analysis scripts in Matlab. Details can be found in
the Supplemental Experimental Procedures.360 Cell 162, 351–362, July 16, 2015 ª2015 Elsevier Inc.Modeling
Stimuli were calculated at 1 spatial and 10 ms temporal resolution. Every
stimulus frame was convolved with a radial Gaussian function of 5 half-width
and down-sampled to an array of 40 3 40 photoreceptors, corresponding to
an angular separation of 5 between neighboring receptors. Please see the
Supplemental Experimental Procedures for detailed parameters of the model.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.cell.2015.06.035.
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